Genomics has changed the pace by which genes are analyzed. Rather than looking at genes one by one, gene expression today is studied at the genome level. Unfortunately, the data we get from microarray analysis do not give us any clues about the function of these genes. Functional analyses are still refractory to large-scale, high-throughput studies, particularly in vertebrates.
INTRODUCTION T HE DEVELOPMENT OF HIGH-THROUGHPUT METHODS
has changed the way genes are analyzed. In the past, the identification of a gene was often preceded by analysis of a spontaneous or targeted mutation resulting in a detectable phenotype. Today, genes are detected by genomic approaches, and we learn about gene expression from large-scale screens. Unfortunately, the highthroughput methods that provide us with a wealth of information about gene expression do not tell us anything about the function of these genes. Thus, the limiting step remains analysis of the functional role of genes in biologic processes. Gene function can only be assessed one by one in the context of a living organism, a slow and tedious process. To increase the pace of functional gene analysis, we need new model systems for large-scale reverse genetic analyses and functional screens. These model systems must be easily accessible and efficient in producing functional readouts. To date, these criteria have been met only by invertebrate systems, and for many questions, vertebrate systems are required. Until now, the major vertebrate system with established methods for genetic manipulations has been the mouse (Muller, 1999; Jackson, 2001; Metzger and Chambon, 2001) . Because of the high costs, the space, and the time required to produce genetically engineered mice, their usefulness as a model system for functional genomics is very limited. In addition, the mouse has disadvantages for developmental studies, as many genes involved in embryonic development lead to uninformative early lethality when ablated (Ihle, 2000) . None of these problems would be encountered if the chicken embryo could be used as a model system for developmental studies. However, for this, the lack of methods for genetic manipulation would have to be overcome.
The chicken embryo has been a classic model in developmental biology since the time of comparative and experimental embryology. Its great advantage is the easy accessibility from pregastrulation throughout all developmental stages, offering the possibility for in ovo manipulations that can be followed up for several days. In addition to in ovo maintenance, several culture systems have been developed to keep embryos in a shell-less environment to further enhance accessibility (Rowlett and Simkiss, 1987; Perry, 1988) . Accordingly, the use of chicken embryos as a model system has led to many significant discoveries about developmental processes, such as the existence of B cells, their maturation and differentiation (Reynaud et al., 1987) , the tumorigenic properties of viruses (Kahn et al., 1982) , the role of the apical ectodermal ridge in the developing limb (Summerbell and Lewis, 1975) , the migration and differentiation of neural crest cells (Le Douarin and Teillet, 1973) , and the role of the notochord for the establishment of neural patterns (Le Douarin, 1982) . In the 1970s, chicken-quail chimeras significantly contributed to our understanding of cell migration and cell lineage because of the difference in their heterochromatin structure that could be exploited to follow easily the fate of grafted quail cells in chicken embryos (Le Douarin, 1973) .
Molecular studies followed, looking at the role of growth factors, morphogens, or their inhibitors. In most cases, molecules were applied either by transplantation of cells producing them or by engrafting beads soaked in them (Lee et al., 2001; Tumpel et al., 2002) . As an alternative approach to study the role of candidate genes in chicken embryos, the injection of function-blocking antibodies has been used (Perrin and Stoeckli, 2000) . This approach has proved to be successful to study axon guidance in the peripheral and the central nervous systems (Stoeckli and Landmesser, 1995; Stoeckli et al., 1997; Burstyn-Cohen et al., 1999; Perrin et al., 2001) .
Although ectopic expression of genes temporally and spatially has been possible for some years (Petropoulos and Hughes, 1991; Morgan and Fekete, 1996; Muramatsu et al., 1997; Itasaki et al., 1999; Momose et al., 1999; Swartz et al., 2001 ), loss-of-function approaches were more difficult. If dominant-negative versions of the proteins of interest were not available, the chicken embryo could not be used as a model system. Developmental biologists were, therefore, more and more drawn toward other model systems, such as Drosophila, Caenorhabditis elegans, and zebrafish, for which genetic resources and methods were readily available. With the development of in ovo RNA interference (RNAi), a new method for specific gene silencing in chicken embryos has emerged that can make up for the disadvantages of the chick system and put it back on the list of the preferred model systems for developmental studies (Pekarik et al., 2003; Stoeckli, 2003) .
The scope of this review is to give an overview of the available techniques for manipulations of gene expression in the chicken embryo in vivo and to compare their efficiency.
DELIVERY OF DNA INTO CHICKEN EMBRYO IN OVO
As a common step in all types of gene manipulation, the requirement for cell transfection deserves special attention. The efficiency of DNA transfer across the cell membrane has been improved with the development of a variety of novel techniques making use of chemical and mechanical properties of cell membranes. Many of these techniques are not compatible with in vivo use. Three principal methods for gene transfer into the developing chicken embryo have been tested and described to date: lipofection, retroviral-based methods, and electroporation.
Lipofection takes advantage of two properties of liposomes, their ability to bind DNA and their ability to fuse with the cell membrane. This approach to gene transfer was initially developed for transfection of cells in vitro and has become increasingly efficient (Brazolot et al., 1991; Fraser et al., 1993; Naito et al., 1998) . In 1997,
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COLOR PLATE 2. In ovo RNAi causes specific downregulation of the targeted gene product. Silencing of the axonin-1 gene by in ovo RNAi results in specific downregulation of axonin-1 (A and D) but does not affect the expression level of the related genes NrCAM (B) and NgCAM (C). The same section was stained for axonin-1 (A) and NrCAM (B). The adjacent section was stained for NgCAM (C). A decrease in axonin-1 on the electroporated side compared to the control side of the spinal cord can be seen by immunohistochemistry (A) and on a Western blot (D). For Western blots, the electroporated areas of the spinal cord of embryos treated with axonin-1 dsRNA were dissected and separated in electroporated and control halves. An antibody against tubulin was used as a loading control. (D) The results of two different embryos are shown. Proteins from the electroporated side (e) are compared to the control side (c). A clear decrease in axonin-1 can be seen in both embryos. Note that the axonin-1 staining in the dorsal root entry zones is not different between the control and the electroporated side (A), as sensory neurons from the dorsal root ganglia were not affected by the electroporation protocol used in this experiment. Similarly, axonin-1 expressed by fibers of the sensory neurons in the dorsal root entry zone is contributing to the proteins analyzed on the Western blots and is, therefore, masking to some extent the decrease in axonin-1 expression in the spinal cord. Adapted from Pekarik et al., (2003) . Screening for gene function in chicken embryo using RNAi and electroporation. Nat. Biotechnol. 21, 93-96.
COLOR PLATE 1.
Electroporation is an efficient method of DNA delivery in vivo. (A) Through a window in the eggshell, a solution containing the DNA is injected into the chicken embryo at the selected stage. As an example, an injection into the neural tube is shown. Trypan blue is added to the DNA solution to visualize the injection site and to follow the distribution of the injected solution in the embryo. The electrodes are placed on either side of the embryo. The application of short pulses of current opens transient pores in the membranes, allowing entry of injected DNA molecules to the cells. The position of the electrodes and the time of electroporation determine the distribution of the transgene in the neural tube (B). In ovo electroporation is used to deliver dsRNA for specific gene silencing. The injection of dsRNA derived from GFP together with the plasmid encoding GFP abolishes GFP expression in most cells (C). Injection of a plasmid without electroporation is ineffective, as DNA cannot penetrate cell membranes (D). With in ovo electroporation and in ovo RNAi, the expression of transgenes can be controlled both spatially and temporally. GFP expressed in sensory neurons visualized with anti-GFP staining in a whole mount at low (E) and high (F) magnification. Adapted from Pekarik et al., (2003) . Screening for gene function in chicken embryo using RNAi and electroporation. Nat. Biotechnol. 21, 93-96.
Wakamatsu et al. used liposomes for transfection in vivo.
They successfully transfected neutral crest cells with Nmyc, demonstrating that this gene is involved in the regulation of neuronal differentiation.
Another approach for stable and efficient gene transfer in the chicken embryo is based on retroviral vectors (Iba, 2000; Logan and Tabin, 1998) . Such vectors have been widely used for transfection of murine and avian cells in many different fields, such as developmental biology, cancer research, and human gene therapy (Coffin et al., 1996) . Cell lines transfected with proviral DNA can yield high titers of the desired virus (ϳ10 6 -10 7 IU/ml) within days. The virus is subsequently harvested from the supernatant, concentrated, and delivered to the chicken embryo by injection or by electroporation, which allows fast and efficient in vivo infection (Takeuchi and Takahashi, 1999) .
Another option is direct engraftment of the infected chick cells into the developing embryo (Munoz-Sanjuan et al., 1999) . This vector system can be divided into two categories, replication competent and replication defective. Replication-competent vectors are derived from the Rous sarcoma virus (RSV). Apart from all the viral genes (gag, pol, and env) required for its replication, this virus carries an additional gene, v-src, that is replaced with the desired cDNA fragment in the most commonly used system, the replication-competent RSV replicationcompetent avian splice-acceptor (RCAS) (Petropoulos and Hughes, 1991) . Unfortunately, the insert is restricted in length and must not exceed 2.4 kb. Replication-incompetent retroviruses have also been used for infection of chicken embryos. They offer the major advantage of accommodating cDNA inserts of up to 4.5 kb. The fact that a marker such as placental alkaline phosphatase, can be included in such vectors in combination with the fact that viral infection is restricted to the site of initial delivery make these vectors a good tool for cell-tracing studies. Various other viral vectors have been developed mainly based on adenoviruses. These accept larger inserts and can infect nondividing cells (Nakagawa and Takeichi, 1998) .
More recently, the advantages of lentiviruses have been recognized and made them promising tools for gene expression (Mitta et al., 2002) . Lentiviruses (1) can mediate stable integration in the target chromosome, allowing long-term expression of transgenes, (2) have a large cloning capacity, (3) do not include viral genes, precluding any humoral response, (4) can replicate in nonmitotic cells, such as neurons, and (5) can be used to express more than one gene (Verma and Somia, 1997; Williams, 1995; Mitta et al., 2002) .
In recent years, electroporation has been established as a new method for gene transfer in chicken embryos (Muramatsu et al., 1997; Ogino and Yasuda, 1998; Nakamura et al., 2000) . Initially, electroporation was effectively used to introduce DNA into bacterial cells but with the price of increased cell death as a result of the high voltages required (Andreason and Evans, 1988) . The development of a modified type of electroporation with low fixed voltage significantly improved cell viability without altering gene transfer efficiency (Takahashi et al., 1991) , thus making it possible to apply electroporation in vivo (Nishi et al., 1996; Muramatsu et al., 1997; Momose et al., 1999) . Gene expression by electroporation is a straightforward method, requiring only a plasmid carrying the desired cDNA under the control of a suitable promoter. The plasmid is injected into the chicken embryo at the desired stage and location (Color Plate 1). The application of short electric pulses creates pores in the cell membranes, allowing the plasmid to enter the cells. As DNA molecules are negatively charged, they move toward the anode. Thus, the neural tube facing the side of the anode is transfected, whereas the opposite side can be used as a control (Nakamura and Funahashi, 2001; Stoeckli, 2003) . In our own experiments, we determined that on average 60% of the cells in the electroporated area of the neural tube took up the transgene (Pekarik et al., 2003 ). An advantage of in ovo electroporation as a means of DNA delivery is the possibility of controlling gene expression both temporally and spatially.
LOSS-OF-FUNCTION APPROACHES
As a result of the technical possibilities of ectopic gene expression in ovo, most approaches addressing gene function in chicken embryos to date have consisted of overexpression of target genes or their misexpression in a temporal or spatial manner. However, gain-of-function approaches are often not useful to determine the function of a gene of interest. As gene function is cell type specific, overexpression in all cells of a particular tissue may not reflect the gene's function properly. Alternatively, temporal control of misexpression is important but often difficult or not at all possible. Therefore, to study the role of a gene of interest during development, loss-of-function approaches are preferred. Accordingly, several different methods to interfere with gene expression have been developed for the chick system.
Antisense oligonucleotides
Oligonucleotides designed to block translation of selected messenger RNAs are commonly called "antisense oligonucleotides," reflecting the fact that they are complementary to a target sequence. In order to effectively block expression, antisense oligonucleotides need to be complementary to the translation initiation site. Barnes et al. (1997) constructed antisense oligonucleotides against chicken paraxis, a bHLH transcription factor, in order to test its functional involvement in the FIG. 1 . In ovo RNAi results in specific loss-of-function phenotypes. To demonstrate the specificity of gene silencing by in ovo RNAi, we reproduced the phenotypes obtained in a previous loss-of-function study at the protein level (Stoeckli and Landmesser, 1995) . Injection of function-blocking antibodies against axonin-1 (A), NrCAM (B), and NgCAM (C) caused distinct changes in growth behavior of commissural axons in the spinal cord of chicken embryos. The same phenotypes were seen after in ovo RNAi with dsRNA derived from cDNAs encoding axonin-1 (D), NrCAM (E), and NgCAM (F). Loss of axonin-1 function resulted in pathfinding errors of commissural axons. Instead of crossing the midline, axons turned prematurely into the longitudinal axis along the ipsilateral border of the floor plate (arrows in A and D). In addition, axons showed a defasciculated growth pattern (arrowheads in A and D). Along with the defasciculation, a widening of the turning region is observed (open arrows in A and D; compare with control in G). The loss of NrCAM function caused pathfinding errors without an effect on fasciculation (B and E). The loss of NgCAM function resulted in defasciculation but had no effect on commissural axon pathfinding (C and F). The injection and electroporation of buffer alone did not cause any changes in commissural axon growth compared with control embryos that were not subjected to any treatment (G). (H) The schematic drawing explains the openbook preparation that was used for the analysis of commissural axon pathfinding. The spinal cord was dissected out of the embryo and opened along the dorsal midline. Application of a fluorescent dye, FastDiI, was used to visualize commissural axons (for details, see Perrin and Stoeckli, 2000) . Adapted from Pekarik et al., (2003) . Screening for gene function in chicken embryo using RNAi and electroporation. Nat. Biotechnol. 21, 93-96. development of the paraxial mesoderm and somite formation. Embryos treated with the antisense oligonucleotides displayed a complete loss of new somite formation. In a similar manner, the role of cMeso-1, another transcription factor of the same bHLH family, was investigated (Buchberger et al., 1998) . Antisense RNA and antisense oligonucleotides against cMeso-1 were injected in HH stage 10 chicken embryos causing a severe attenuation of somitogenesis compared with control embryos treated with phosphate-buffered saline (PBS) or nonsense oligonucleotides. This suggests that cMeso-1 plays an important role in setting up the segmentation process.
Loss of function mediated by antisense oligonucleotide also was successfully applied to the identification of genes responsible for the establishment of left-right axis formation in the developing chicken embryo (Isaac et al., 1997; Kawakami and Nakanishi, 2001) . A different approach to the delivery of antisense oligonucleotides was used by Becker et al. (1999) while studying the function of a gap junction protein, ␣ 1 -connexin. In order to prolong the availability of antisense oligonucleotides, they were mixed with 30% pluronic gel that when added to the chicken embryo forms a depot that slowly releases antisense oligonucleotides for at least 12 hours. Knockdown of ␣ 1 -connexin function caused an increased incidence of developmental abnormalities, such as spina bifida, anencephaly, myeloschisis, and limb malformation.
The applicability of antisense oligonucleotides is limited by their nonspecific toxic effects when applied at high concentrations and because they are degraded quickly (Heasman, 2002) . As mRNAs are continually produced by transcription, repeated replacement of the antisense oligonucleotides is required in order to extend the duration of their translation blocking effect.
Morpholinos
Morpholinos were designed to overcome the limitations of typical DNA oligonucleotides. They are more stable than conventional oligonucleotides. Still, they need to be complementary to the 5Ј-leader sequence close to or encompassing the translation initiation site (Summerton and Weller, 1997; Heasman, 2002) .
Although morpholinos have been widely used in zebrafish to interfere with gene expression, they have been used in only a few studies in chicken embryos. The effect of tenascin-C on neural crest migration was studied after blocking tenascin-C translation by morpholinos delivered into neural crest cells of stage 13 chicken embryos (Tucker, 2001) . Another study addressed the role of FoxD3, a member of the winged-helix class of transcription factors, in neural crest differentiation, indicating that FoxD3 acts as a suppressor of melanogenesis (Kos et al., 2001) . The conventional method of morpholino delivery used in Xenopus or zebrafish that is, intracellular injection at very early stages of embryonic development, is not possible in chicken embryos, as they already consist of about 60,000 cells by the time the egg is laid. Therefore, alternative methods of morpholino delivery, including electroporation, have been developed for chicken embryos (Kos et al., 2003) .
Although the increased stability of morpholinos compared with antisense oligonucleotides is a considerable advantage for in vivo loss-of-function experiments, their usefulness is still limited because of variability of effects, nonspecific effects, and restricted efficiency (Braat et al., 2001; Imai and Talbot, 2001; Nasevicius and Ekker, 2001) . Furthermore, in many cases the 5Ј-UTR of the gene is not known to allow for the design of a specific morpholino.
RNAi
RNAi is a conserved response to double-stranded RNA (dsRNA), resulting in the specific silencing of the gene encoding the dsRNA (for review, see Hannon, 2002) . In C. elegans, Fire et al. (1998) observed that the presence of dsRNA was much more effective in inhibiting gene expression than were antisense oligonucleotides. The mechanism by which dsRNA prevents the expression of the target gene is not fully understood. Biochemical and genetic studies indicate that the dsRNA is cleaved intracellularly into 21-23 base pair-long dsRNA fragments, called small interfering RNAs (siRNAs). These siRNAs are recruited by a protein complex, RNA-induced silencing complex (RISC), that recognizes and destroys complementary mRNAs, thereby preventing generation of the gene product.
Soon after its discovery, the potential of RNAi as a tool for gene silencing in vivo and in vitro was recognized. Wianny and Zernicka-Goetz (2000) first demonstrated that RNAi could be used for specific gene silencing in mouse oocyte and preimplantation embryos. Application of this approach at such early developmental stages, although fascinating, bears all the disadvantages of the conventional knockout technology, as blocking of gene expression cannot be accomplished in a spatiotemporal manner. The same problems may account for the controversial results published about the applicability of RNAi in zebrafish (Zhao et al., 2001) . However, in all these cases, the model system (mouse, zebrafish), not the technical requirements of RNAi, restricted its application to very early stages of embryonic development. As mentioned, the chicken embryo consists of about 60,000 cells by the time the egg is laid. As the embryo is readily accessible in the egg even at later stages of development, RNAi appears to be a suitable tool for gene manipulation.
We recently showed that the combination of RNAi and in ovo electroporation is a very efficient and specific tool for gene silencing in chicken embryos (Pekarik et al., 2003; Stoeckli, 2003) (Color Plate 1) . Long dsRNA injected into the developing chicken spinal cord followed by electroporation was used to block the expression of molecules known to play a role in commissural axon pathfinding. The cell adhesion molecules axonin-1, Nr-CAM, and NgCAM were known to interfere with fasciculation or pathfinding or both of commissural axons based on in ovo perturbation studies at the protein level (Stoeckli and Landmesser, 1995; Stoeckli et al., 1997; Fitzli et al., 2000) . RNAi interfering with the expression of these molecules reproduced these phenotypes (Fig. 1) . The dsRNA does not have to include the translation initiation site. In fact, we used different fragments of the fulllength cDNA of axonin-1, NrCAM, or NgCAM without any changes in phenotype or penetrance of the phenotypes (Pekarik et al., 2003) . The lengths of the injected dsRNA ranged from about 400 bp to 2000 bp.
A decrease in the targeted gene product could be demonstrated at the protein level by both immunohistochemistry and Western blotting (Color Plate 2). The expression levels of genes other than the one corresponding to the dsRNA were not affected by in ovo RNAi. Downregulation of gene expression by dsRNA was clearly much more effective than the use of antisense RNA, in accordance with the suggested catalytic mechanism of RNAi (Pekarik et al., 2003) .
Most screens provide results in the form of cDNA fragments. Because a cDNA fragment is sufficient to produce dsRNA, in ovo RNAi is a perfect tool for functional genomics, as no lengthy cloning is required before functional studies can be initiated. There is no need to get the 5Ј-end, as all parts of the full-length cDNA seem to be equally efficient in specifically silencing the targeted gene.
In ovo RNAi is a fast and inexpensive method for functional analysis of genes in vivo. This novel method of specific gene silencing eliminates the disadvantages of the chicken embryo as a model system. Because of its easy accessibility, the chicken embryo has always been a favorite model system for developmental studies, but the lack of efficient methods to induce loss-of-function phenotypes has hampered its use for functional gene analysis. In ovo RNAi has changed that and emphasizes the advantages, namely temporal and spatial control of gene silencing.
